The use of Whole-Genome Sequencing (WGS) in clinical settings has brought up a number of controversial scientific and ethical issues. The application of WGS is of particular relevance in neurology, as many conditions are difficult to diagnose. We conducted a worldwide, web-based survey to explore neurologists' views on the benefits of, and concerns regarding, the clinical use of WGS, as well as the resources necessary to implement it. Almost half of the 204 neurologists in the study treated mostly adult patients (48%), while the rest mainly children (37.3%), or both (14.7%). Epilepsy (73%) and headaches (57.8%) were the predominant conditions treated. Factor analysis brought out two profiles: neurologists who would offer WGS to their patients, and those who would not, or were not sure in which circumstances it should be offered. Neurologists considering the use of WGS as bringing more benefits than drawbacks currently used targeted genetic testing (Po0.05) or treated mainly children (Po0.05). WGS' benefits were directed towards the patients, while its risks were of a financial and legal nature. Furthermore, there was a correlation between respondents' current use of genetic tests and an anticipation of increased use in the future (Po0.001). However, over half of respondents did not feel sufficiently informed to use WGS in their practice (53.5%). Our results highlight gaps in education, organization, and funding to support the use of WGS in neurology, and draw attention to the need for resources that could strongly contribute to more straightforward diagnoses and possibly better treatment of neurological conditions.
INTRODUCTION
The use of Next Generation Sequencing Technologies (NGS), in particular Whole-Genome Sequencing (WGS) and Whole-Exome Sequencing (WES), in genomic and pharmacogenomic research, has sparked considerable debate over the last few years. Ongoing controversies stem from the scientific and ethical issues raised by their use, such as the large amount of data generated, the complexity of its interpretation, the clinical significance of results, the management of incidental results, and the choice of which individual results should ultimately be returned to the participants. [1] [2] [3] More recently, these same discussions have shifted to the use of NGS in clinical settings, giving rise to studies aimed at assessing the attitudes and views of health professionals in various medical fields towards the use of WES and WGS in their practice, and the development of personalized medicine -in particular pharmacogenetics -as well as the return of genetic results, including incidental results, to patients. [4] [5] [6] [7] [8] Neurological conditions form a broad and assorted group of diseases (eg, epilepsy, neuropathy, muscular dystonia, Alzheimer's and Parkinson's diseases, stroke, autism spectrum disorders, intellectual disability, schizophrenia) that are often characterized by highly heterogeneous etiologies. 9, 10 The role genetics can play in understanding these disorders, as well as individual responses to related medications, is increasingly evident. 11, 12 NGS has a particular relevance in neurology diagnostics and therapeutics. Such conditions have been shown to be among the most troublesome to diagnose. 13 Not only do many of these diseases have a genetic basis, but recent studies highlight the role of de novo mutations as a frequent cause of disorders related to brain development, as well as the contribution of NGS technologies to detect them. [13] [14] [15] The latter thus confirms that neurological disorders are '… amenable to genetic or genomic analysis by next-generation sequencing'. 14 Consequently, an increasing effort is now geared towards developing NGS tools for the diagnosis, prognosis as well as personalized treatment of neurological conditions, and to explicitly promote WES and WGS implementation in the clinical practice of neurology. [16] [17] [18] [19] However, at the very time when such diagnostic tools are being developed, there are scientific and socioethical considerations that may challenge their implementation in neurology clinical settings because of the genetic basis and stigma associated to many neurological condition, which we intended to address in our work. Accompanying the technological advances in detecting the genetic causes of neurological conditions as described above, we deemed it important to examine the opinions and experience of neurologists worldwide about the current and future use of NGS in their practice. As part of a Genome Canada project entitled 'Personalized medicine in the treatment of epilepsy', we developed a web-based survey addressing subjects related to the use of WGS in clinical neurology inquiring on topics such as neurologists' preparedness to request WGS for their patients, or how they considered results would impact their patients and families. The results presented herein address neurologists' concerns and their views on the benefits linked to the clinical use of WGS, the training of physicians in the use of NGS, and the resources that would be needed to implement such technologies in their clinical practice.
We developed our study to assess the use of WGS in current practice, identify barriers to its implementation and acknowledge possible current gaps, as WGS is being introduced in the practice of neurology. We believe our findings may help increase insight into the risks and benefits of WGS in clinical neurology, and facilitate its implementation in clinical settings through the development of various resources, such as educational endeavours and guidelines for neurologists.
MATERIALS AND METHODS Recruitment
Neurologists worldwide were contacted through professional associations at international, regional, and national levels. A total of 190 neurology societies and associations in 215 countries/geographical areas were identified and contacted. The list of countries/geographical areas was based on the World Health Organization (WHO) regions (http://www.who.int/countries/fr/). The latter were asked to distribute an invitation to participate in our study. A letter was simultaneously sent to neurologists whose coordinates were publicly available, either on association websites, or as corresponding authors identified through PubMed for the years 2012-2014. Letters were sent to 581 corresponding authors in clinical neurological research worldwide. Neurologists specialized in the treatment of epilepsy registered with the International League Against Epilepsy's website were contacted as well, adding 260 neurologists from the worldwide contact list. We likewise asked participants to forward the invitation to colleagues. Recruitment letters contained a description of the study, privacy and confidentiality measures, and a link to access the online survey. Consent to participate was granted by completing the survey. While letters of invitation were in English, French and Spanish, the survey itself was solely in English. Participants were free to withdraw at any time and were allowed to skip any question. 20 
Sample
A total of 204 neurologists participated in the study. Almost half treated mostly adult patients (48%), the rest mainly children (37.3%) or both (14.7%). Epilepsy (73%) and headaches (57.8%) were the main conditions. Most followed patients presenting clusters of neurological conditions. Respondents were based in Europe, North, Central and South America, the Caribbean, South-East Asia, the Western Pacific Region, the Eastern Mediterranean and Africa. Table 1 presents their characteristics.
Survey -instrument
To lay the groundwork for questions, we reviewed relevant literature and incorporated scientific and/or ethical issues linked to the current state of knowledge, research and practice regarding WGS and neurology. 12, 14, [16] [17] [18] [21] [22] [23] One questionnaire targeted neurologists specializing in -or treating -patients with epilepsy, another, those not dealing with epilepsy. Both contained questions addressing respondents' views and perspectives on: (1) clinical practices with genetic/genomic testing (including WGS); (2) circumstances and/or conditions in which WGS should be offered to patients; (3) the potential benefits of the use of WGS; (4) concerns about the use of WGS, (5) the return of results; and (6) needs for training or resources in genomics/genetics. Herein are the comprehensive results, with the exception of return of results, which is the subject of a separate publication.
Data collection
The first invitation was sent at the beginning of September 2014, and the survey was available until the end of April 2015. Because of snowball recruitment procedures and dissemination by professional organizations, it is impossible to know the total number of neurologists who were invited to participate. 
Data analysis
Information from the completed questionnaires was transferred to an Excel database. Coding and analysis were conducted using the Statistical Package for Social Sciences (SPSS) software, v. 23.0. Descriptive statistics was used to describe sample characteristics. The interpretative analysis, based on χ 2 and factor analyses, allowed us to better characterize the respondents and to reach a deeper understanding of what motivated and guided their responses. Two profiles emerged: (a) neurologists who would offer WGS to their patients and (b) those who would not offer WGS to their patients, or did not know about the uses of WGS. A one-way ANOVA was conducted to compare the two profiles and factor analyses with varimax rotation to assess the underlying benefits and concerns on the use of WGS for both profiles. We considered a P-value of 0.05 or less as statistically significant.
RESULTS

Current use of genetic/genomic tools in clinical practice
Neurologists were asked if they used genetic/genomic tests in their practice, namely targeted sequencing, karyotype, WES, WGS and pharmacogenetic tests, and if they foresaw an increase in the clinical use of these tests. Targeted sequencing (44%) and karyotype (38%) were the tests used most frequently, while pharmacogenetic tests (10%), WES (12%) and WGS (5%) were the least used (Supplementary Table 2 ). We found a correlation between current use of any of these tests and the anticipation of an increased use in the future (Po0.001), with the exception of pharmacogenetic tests. In the short term, respondents anticipated an increase in the use of targeted sequencing and WES. As for the long term, respondents foresaw that the use of WGS was to increase while that of karyotype would not change (Supplementary Table 2 ). Depending on the test, 12-25% of respondents answered that they did not know what to expect.
Almost half of 200 respondents were asked by their patients to order a genetic test (48.3%). These neurologists indicated that the requests were mainly due to patients' needs to get answers (58.9%), or to be sure about the diagnosis and/or prognosis (67.4%), or still to know whether blood relatives or their children could be at risk (58.9%). A minority of patients asked for such tests because they had heard about the possibility of ordering such tests through the Internet (24.2%). Finally, 28% of 200 respondents were asked to interpret a test ordered elsewhere.
Circumstances in which WGS should be offered
We asked participants in what circumstances WGS should be offered to a patient. A very small minority (3.8%) expressed that WGS should be offered to all patients (Table 1) . Over half of the respondents (61.1%) stated that it should only be offered to a limited number of patients. The most appropriate indications for offering WGS in clinical practice were to patients with unclear phenotypes (84.9%), or to those with conditions that seemed to follow a complex inheritance (84%), or, in a smaller proportion, to patients at risk of developing comorbidities that may have a genetic background (76%), or at risk of pharmaco-resistance (73.4%; Figure 1 ). For those responding that WGS should be offered 'in limited circumstances only', we asked in what specific circumstances exactly should WGS be offered to patients with the condition(s) most often seen in their practice. Among various options presented to participants, the reason that was chosen by the least number of respondents was a recommendation from a professional organization (56.5% of 184 respondents; Figure 2 ).
Risks and Benefits of WGS
Did neurologists anticipate more risks than benefits resulting from the use of WGS in their practice? From a total of 158 neurologists addressing this question, 50% disagreed (partially or totally) with the opinion that WGS carried more risks than benefits, while 37.3% agreed with this view (partially or totally); a small percentage did not know or was not sure about WGS' risk/benefit balance (12.7%). Neurologists finding that the use of WGS may bring more benefits than risks treated mainly children (Po0.05). Those who currently used targeted genetic testing (Po0.05), as well as those who had less than 10 years of medical practice (Po0.05) also tended to see more benefit than risk. By contrast, those with more than 20 years of experience tended to see more risks than benefits (Po0.05).
A majority of our participants agreed that, among the benefits that could result from WGS, the following were the most important: detection of new/rare mutations in patients with an uncommon or unclear phenotype (79.4%), informing patients and their family members about recurrence risks in offspring (78%), detection of pharmaco-resistance, and determination of appropriate treatment (75.1%). Among neurologists treating epilepsy on a regular basis, 129 considered that WGS would contribute to the early identification of good candidates for surgery. Among that group, 31.8% saw it as likely being a benefit for some cases and 15.5% a benefit in most cases. As for risks, a majority of participants agreed that the cost of WGS, the lack of specific insurance coverage and of insufficient reimbursement (67.3%), or the lack of access to, or availability of, the test (62.7%), and the lack of specific clinical guidelines to use WGS in practice (47.2%) were the more concerning risk factors associated with the use of WGS in their practice.
Resources to use genetic tests in neurological practice
It should be noted that more than half of respondents did not feel sufficiently informed to use WGS in the clinic (53.5%; Benefits of the use of WGS in the clinic by Profile Our analysis brought out two factors favouring the use of WGS in clinical practice for both profiles (Table 2) : Factor 1 refers to the improvements for the patients and their proxies; Factor 2 refers to the efficiency and effectiveness of WGS. While Factor 1 shows that both A and B neurologists perceived the same improvements for the patients Neurologists' views on Whole-genome sequencing I Jaitovich Groisman et al and their proxies, Factor 2 indicates that the only benefit related to the efficiency and effectiveness of WGS shared by both Profiles was to reduce the need for other medical investigations/procedures (Table 2) . Profile A neurologists considered the clinical use of WGS helpful to detect new or rare mutations in patients who presented an uncommon or unclear phenotype. Profile B ones saw it as useful to identify genetic risk for comorbidities, and perceived no benefit in storing data ( Table 2 ).
Concerns about the use of WGS in the clinic according to Profile
The 'Concerns about the use of WGS' produced three factors for Profile A and two factors for Profile B (Table 3) . Regarding Factor 1, Profile A neurologists had concerns mainly for patient's proxies, while their Profile B colleagues also had concerns for patients and health professionals, such as issues raised by the management of unexpected findings and risks of discrimination or stigmatization of patients or their family members. Profile B concerns about their patients are also reflected in Factor 2, on the lack of resources to use WGS in the clinic, such as access to genetic counselling, which could lead to emotional harm for patients or proxies. Finally, Profile A neurologists were the only ones to anticipate potential adverse effects of WGS for patients and medical professionals (Factor 3). Even if they would offer WGS to their patients, they were aware of their professional liability for adverse outcomes occuring as a result of returning (or not) the test findings, of the risk of discrimination or stigmatization of patients or their family members, as well as of the risk of inducing emotional harm in patients or proxies.
Need of resources to use WGS in the clinic per profile
To determine which resources neurologists would fully benefit from when implementing NGS technologies in their practice, we presented a list of possible ones from which to choose. Profile A doctors, who would offer WGS to their patients, expressed a significantly higher need for resources than their Profile B counterparts ( Figure 3 ). When presented with a list of possible resources, Profile A respondents expressed a need for all of them in a higher proportion than those of Profile B (Figure 3 ), whether in terms of explicit guidelines from professional organizations or increased access to multidisciplinary teams -including genetic counsellors and psychologists -or, still, to databases and sequencing facilities. They also asked for ongoing training in genomics in much greater numbers. And yet, they had more training in genetics and/or genomics -both formal and informal -than Profile B neurologists (Supplementary Table 3 ). They also considered themselves sufficiently informed to use WGS in their practice in a higher proportion than their counterparts (Supplementary Table 3 ).
DISCUSSION
Current and future use of NGS
The widening use of NGS technologies is expected to help find elusive, causative genetic defects and help in the diagnosis and treatment of a broader array of medical conditions. 9, 24, 25 Our results show that WES and WGS, together with pharmacogenetic/pharmacogenomic tests, were still rarely used with our respondents' patients. However, half of respondents felt benefits outweighed risks, which shows that the potential value of NGS in medical practice was well recognized. This was the case for neurologists treating mostly children, probably because the advantages had already been demonstrated in this population. 26 This is also the case of the 'young' neurologists, trained during a period characterized by major changes in sequencing tools, and by the identification of numerous genes linked to various medical conditions. In comparison, neurologists who never used WGS tended not to know what to foresee and those with over 20 years experience tended to foresee more risks than benefits. This brings to the forefront the critical roles training and experience play in the application of NGS technologies in the practice of neurology influencing physicians' opinions and practices. While the benefits are all directed towards the patients and difficult cases of diagnostics -as shown for instance by the positive impact WGS is expected to have on selecting epileptic patients as candidates for surgery -the risks most identified by respondents were of financial and legal nature for all respondents equally. This is also what comes out of Helman et al 27 in which neurologists explained that they often did not engage in the use of WGS because of its cost or they did so only when linked to research projects, because of difficulties in obtaining health insurance coverage. Considerations about social and psychological risks, such as stigma and discrimination or anxiety raised by test results prevailed over WGS' technological features and over recommendations of professional associations. In other words, the social and psychological impact of genetic results on respondents' patients that is, psychological well being, access to healthcare and social services, reducing the need for other medical investigations/ procedures, possible discrimination or stigmatization of patients or their family members, the potential for anxiety or guilt, lack of access to, or availability of, the test, the cost of WGS, the lack of specific insurance coverage and of insufficient reimbursement seem to be more important than the technological advances WGS has to offer and also more important than what would be established by professional guidelines when respondents have to decide to request a WGS test for their patients. Our results show that while expressing a need for guidelines from professional associations, respondents would nonetheless be inclined to have flexibility in the application of professional recommendations for the use of WGS and WES in their practice. This is especially relevant because there is a precedent of establishing procedures on the management of WES and WGS results that were Factor 1: Patient and proxies improvements 1. Improve the patients' or proxies' psychological well-being 2. Improve patients'/proxies' access to, and help to get better attention in healthcare and social services 3. Inform patients and family members about recurrence risks in offspring Note: Factor 1 was identical for both Profiles the subject of significant discussions in the medical community at the time such measures were made public. 28 Notwithstanding their perception of risks and benefits, respondents foresaw an increased demand for targeted sequencing. They likewise expected WES and WGS to gain ground over other genetic tests. In fact, they reported it was not uncommon for patients to ask to undergo genetic tests. With increased access to direct-to-consumer genetic testing, even across jurisdictions where relevant legislation was either absent or varied widely, respondents expected more patients would consult their physicians about results obtained elsewhere. 29, 30 In our study, while we recruited neurologists located in low-, middle-and high-income countries, where access to new technologies can differ significantly, 31 showed that neurologists in Japan are likely to conduct genetic testing based on the characteristics of the diseases, and the circumstances surrounding their patients and families. Our results are concordant with those of Salm et al and Dominguez-Carral et al. 32, 33 In Salm's study, US neurologists and psychiatrists reported deficits in their knowledge of genetics as applied to their medical practice, and a lack of access to genetic counselors or geneticists to whom they could refer their patients. 32 Dominguez-Carral et al, 33 in a recent survey conducted among child neurologists in Spain, also highlight the need these professionals have for continuing education programs and support from geneticists.
Resources that would help integrate WGS into clinical practice
The mapped two profiles of respondents appeared in low-, middle-, and high-income countries, which would indicate that the availability of this test (ie, cost and access) was not a determining factor in their perceptions. Profile A respondents had more training in genetics and felt more informed than their counterparts. More experience and knowledge may explain, for instance, why more of them acknowledged the benefits of WGS based on genetic data storage, without the need for further samples whenever new mutations were discovered.
Concerns on the use of WGS were different between the two Profiles, which may reflect their difference in experience and knowledge. Profile A, in comparison to Profile B, might know, based on their experience using genetic testing that there could be a need for further tests to improve the interpretation of results. Experience, or the lack thereof, may explain why Profile B respondents do not perceive the advantage that the use of WGS and other NGS technologies provide, by allowing the storage of raw sequencing data, thus avoiding test repetition. A second Profile A concern was the possible professional liability for adverse outcomes resulting from the return (or not) of test findings. In this regard, unambiguous rules on the management of findings, expected or otherwise, would clarify the responsibilities of physicians on the communication of any type of genetic result. Last, and independently of professional liability, Profile B was more concerned about the management of incidental findings than Profile A. On the basis of the intense debate at various professional levels on this subject, we expected this issue to be of interest for all neurologists participating in our survey. We understand that legal responsibilities are only one aspect of sharing genetic results with patients. The results of our survey supplement those of Townsend et al 7 , where health professionals expressed their preference for targeted analysis of WGS results, thus limiting the volume of data handling and so of incidental findings being generated, decreasing eventually the 'burden' of overseeing the return of said results.
Management of unexpected findings involves all the organizational aspects of conveying such information, and includes the availability of multidisciplinary teams and a health system capable of managing additional diagnostic procedures and treatments for unforeseen medical conditions. 34 Our entire sample expressed concerns about the impact of WGS on patients and their immediate families regarding communication of results, understanding of information, recontacting patients, and the risks of discrimination and stigmatization. These findings matched results of another study, where neurologists expressed concerns about the potential for psychological harm when genetic information reached patients. 32 Some neurological disorders, such as epilepsy, may carry additional burdens influenced by age of onset, severity and frequency of seizures, depression, anxiety, or cognitive deficits, and influence patients' family-planning process. [35] [36] [37] Neurologists participating in our study who were more supportive of the use of WGS were also those who expressed a significantly higher need for resources to help in this endeavour. This was also the case in Sharp et al, 38 where 'physicians agreed that new findings in genetics were changing clinical practice in their areas of medicine, and that increasing their familiarity with genetics would benefit their patients'. We share Sharp et al's reflection on the need for 'think(ing) creatively' on how to incorporate genetics education into physician training.
The implementation of resources entails the intervention of various stakeholders on the use of WGS in the practice of neurology. While training in genomics/genetics is part of the curriculum of educational institutions, in our view medical associations should be the ones who guarantee accessible, ongoing training for medical professionals. Our respondents expressed a need for explicit guidelines from professional organizations in regulating the use of NGS technologies in their medical practice. Yet, these guidelines may need to be flexible and attuned to the reality of medical practice, local healthcare policies, access to medical care and treatment, and the social support needed by affected individuals and their families at time of confirmation of suspected and/or newly-discovered health conditions. Hospital and academic institution policies could also be developed in order to create opportunities for neurologists to work with multidisciplinary teams, including geneticists, genetic counsellors or psychologists, to facilitate the understanding of genetic results. Access to sequencing facilities and to comprehensive and systematically updated databases could also be beneficial to improve diagnoses and the treatment of patients. Covering the bridge between bench work and medical practice requires commitment at higher levels of healthcare management to support both basic research and medical training and a productive link between the two. Moreover, such support should be extended to obtain -and take into consideration -information about patient expectations and preferences on genetic testing.
Limitations
Our study aimed to include the opinions of neurologists worldwide. Although invitations were issued in English, French, and Spanish, we acknowledge that presenting our survey in English exclusively may have prevented broader participation. In addition to the language barrier, expertise, access to genetic testing, as well as cultural background may have ultimately influenced the decision to participate, or not, in our survey. Lastly, our results represent those neurologists who actually responded and thus are interested in the subject of this survey and wanted their voices to be heard. A higher rate of participation in general, and a more prominent representation of neurologists with specialties other than epilepsy, might have led to different results.
CONCLUSION
According to the perception of participating neurologists, there could be gaps in organization, funding and education in support of WGS in clinical settings. Considering that several neurological conditions have a genetic background, the use of WGS could strongly contribute to a faster and more precise diagnosis and possibly better treatment. Our results highlight the potential need for institutional policies in establishing collaborative working teams and for a stronger role for professional associations. The latter could be by providing clearer guidelines and educational tools to help physicians using WGS in their practice. Lastly, our results indicate the need for financial and organizational resources for the use of WGS in medical practice, and the subsequent management of newly discovered medical conditions. The challenges of using WGS in clinical practice are substantial. Our findings could be useful by being extrapolated to the practice of neurology in general as well as to other medical specialities where WGS may likewise play an increasingly useful role.
